We report on a diode-pumped passively mode-locked picosecond Tm: CaGdAlO 4 (Tm:CALGO) laser using a semiconductor saturable absorber mirror as the mode locker. With Tm:CALGO disordered crystal as gain medium, the mode-locked laser generated pulses with pulse duration of 27 ps, repetition rate of 128.6 MHz, and maximum average power of 330 mW at 1949.5 nm. To the best of our knowledge, this is the first demonstration of a mode-locked Tm:CALGO disordered crystal laser. The continuouswave (CW) laser performance of Tm:CALGO was also investigated, and the maximum CW power was 730 mW. Our research results show that Tm:CALGO crystal is an excellent bulk medium for picosecond pulse generation at 2-m wavelength.
Introduction
Ultrafast mode-locked lasers operating at 2 m wavelength have many potential applications in generation of mid-infrared supercontinuum, free-space optical communication, semiconductor materials micro-processing, medical treatment, and optical parametric oscillators [1] , [2] . In general, 2 m wavelength ultrafast laser was realized by mode locking of Tm or Ho ion lasers. Tmdoped and Tm, Ho-codoped media can be pumped by low-cost AlGaAs laser diode (LD). For Ho-doped gain media, they can be in-band pumped by Tm-doped crystalline or fiber lasers. Due to the presence of cross-relaxation in Tm-doped media, the laser slope efficiency can exceed 40% easily when pumping at 790 nm [3] - [5] . At the same time, the cross-relaxation reduces the thermal load in active media.
In 2009, the first passive mode locking was reported on Tm:KLuW bulk lasers using carbon nanotube saturable absorber [6] . Afterwards, the mode-locking at 2 m wavelength was realized at tungstate, garnet, sesquioxide, and fluoride [7] - [18] . As far as we know, there is no report yet on mode-locking of Tm:CALGO disordered crystal. CaGdAlO 4 (CALGO) belongs to tetragonal system with general formula of ABCO 4 , where A ¼ Ca, Sr or Ba, B ¼ Y, Gd or La, and C ¼ Ga or Al. Due to its high mechanical strength (Mohs hardness 6), high thermal conductivity (6.9 W/m/K and 6.3 W/m/K along a and c axes) and moderate thermal expansion coefficient (10:1 Â 10 À6 =K and 16:2 Â 10 À6 =K along the a and c axes), CALGO is very suitable as host material [19] . Tm:CALGO has a long radiative lifetime of 5.09 ms and emission cross section of 0:36 Â 10 À20 cm 2 at 1762 nm in E//c polarization [20] . Tm:CALGO is a kind of disordered crystal, in which Ca 2þ and Gd 3þ ðTm 3þ Þ are randomly distributed between layers of AlO 6 octahedra. Disordered crystal usually has a broad absorption and emission spectra arising from the inhomogeneous spectrum broadening and splitting. In the E//a polarization, Tm:CALGO has an absorption bandwidth of 17 nm peaked at 793 nm. The emission spectral linewidth of Tm:CALGO is as broad as 120 nm in E//a polarization and 151 nm in E//c polarization, which both facilitate generation of ultrashort pulses [20] .
In this paper we have demonstrated a diode-pumped passively mode-locked Tm:CALGO laser for the first time. Pumped by single-emitter LD, both CW and CW mode-locking performance of the laser were investigated. The maximum power was 730 mW in CW operation. In the mode locking regime, the Tm:CALGO laser generated pulses with pulse duration of 27 ps, repetition rate of 128.6 MHz and maximum average power of 330 mW at the wavelength of 1949.5 nm. Our results show that Tm:CALGO is a potential gain medium for generation of highaverage-power ultrashort pulses.
Experimental Setup
The schematic of the mode-locked Tm:CALGO laser is shown in Fig. 1 . We used a commercial single-emitter LD (nLight Laser) as the pump source, which emitted the linearly polarized light at 793 nm. Since Tm:CALGO has an absorption spectrum as broad as 17 nm near 793 nm, temperature controlling is not required for the LD. After collimating and focusing through two doublet lenses (F 1 ¼ 100 mm, F 2 ¼ 100 mm), the pump beam was imaged into the crystal with the waist size of 50 m Â 170 m in diameter. Based on the ABCD propagation matrix, the calculated laser mode size in the crystal was 50 m in diameter. The Tm:CALGO disordered crystal was grown by Czochralski method with Tm 3þ concentration of 6 mol% in the melt. The c-cut Tm:CALGO sample was placed in laser cavity with Brewster angle, with a cross section of 3 Â 3 mm 2 and length of 5.2 mm. In order to remove the generated heat while pumping, the laser crystal was wrapped with indium foil and tightly mounted in a water-cooled copper holder, and the circulating water temperature was sustained at 23 C. The three plane-concave mirrors were all coated with high reflectivity for laser wavelength ðHR > 99:7%Þ, with the same radium of curvature ðROC ¼ À100 mmÞ. The mode-locking was initiated and sustained by a semiconductor saturable absorber mirror (SESAM) with modulation depth of 1.2%, absorbance of 2%, and recovery time of 34 ps (Batop GmbH). Based on ABCD propagation matrix, the calculated laser mode diameter was 80 m on the SESAM. The transmission of the output coupler was 8%.
Results and Discussion
In the experiment, by carefully aligning of laser cavity, CW mode-locking could be achieved. The mode-locked pulse trains were captured by the high-speed InGaAs detector (EOT, ET-5000, Bandwidth > 12:5 GHzÞ and displayed on a digital oscillator with 500-MHz bandwidth (Tektronix, DPO3054), as shown in Fig. 2 . Once mode locking was launched, it could be sustained for several hours. The radio frequency (RF) spectrum was also measured, as shown in Fig. 3 . The mode-locked pulses have a repletion rate of 128.6 MHz, corresponding to the laser cavity length of 1.17 m. The signal-to-noise ratio is as high as 62 dB, indicating a clear mode locking.
The mode-locked pulse duration was measured with a commercial intensity autocorrelator (APE Pulse Check 50). Unfortunately the measurement window of the autocorrelator was only 50 ps, which was not enough to display the whole autocorrelation trace. In the experiment we measured three parts of the autocorrelation trace respectively by adjusting the time delay of autocorrelator, and then jointed to a whole autocorrelation trace. The jointed autocorrelator trace is shown in Fig. 4 . Assuming a Gauss profile, the mode-locked pulses had pulse duration of 27 ps. The corresponding mode-locked pulse spectrum had a FWHM of 2 nm centered at 1949.5 nm, measured by a mid-infrared (mid-IR) spectral analyzer (Ocean Optics, SIR 5000) with a resolution of 0.22 nm. The time bandwidth product is calculated to be 4.3, which is much larger than transform limit value. In the experiment, we tried to compensate the intracavity dispersion with a pair of CaF 2 prism; however, no significant pulse shortening was found. The obtained long mode locked pulse was mainly attributed to the slow recovery time of the SESAM. By using saturable absorber mirror with faster recovery time, we believe shorter mode-locked pulses can be obtained with Tm:CALGO crystal. Fig. 5 presents the output power characteristics of the Tm:CALGO laser in CW and CW mode-locking regimes. In the CW lasing experiment, the SESAM was replaced with a high reflective flat mirror. At the available pump power, we obtained the maximum CW output power of 730 mW, with a slope efficiency of 27%. The Tm:CALGO crystal absorbed $65% of incident pump power and no significant absorption saturation was found at high pump level. The output power increased linearly with the absorbed pump power and no output power saturation arose. The higher output power was only limited by the available pump power. The CW laser spectrum was shown as an inset in Fig. 5 . Because of the inhomogeneous spectrum broadening and splitting in disordered crystal, the CW laser spectrum shows a multiple-peak structure in a broad range from 1941 nm to 1956 nm. After the SESAM was employed as an end mirror, the stable CW mode-locked pulses were generated when the absorbed pump power was beyond 2.5 W. The mode-locking average output power increased linearly with the absorbed pump power, with a slope efficiency of 15%. The maximum average output power was 330 mW, corresponding to a single pulse energy of 2.6 nJ at 128.6 MHz repetition rate. The output laser beam had a round TEM 00 mode. 
Conclusion
In conclusion, we experimentally demonstrated a passively mode-locked Tm:CALGO laser for the first time. Pumped by laser diode, the mode locked laser generated stable picosecond pulses with pulse duration of 27 ps, an average output power of 330 mW, and repetition rate of 128.6 MHz at the wavelength of 1949.5 nm. While operating in CW regime, the Tm:CALGO laser generated a CW output power of 730 mW, with a slope efficiency of 27%. Due to high thermal conductivity and broad gain linewidth of Tm:CALGO, we believe that Tm:CALGO is a potential laser gain medium for generation of high-average-power ultrashort pulses at 2 m wavelength.
